Boreal forests exhibit strong seasonal dynamics in their reflectance spectra during the short, snow-free growing period. This short communication paper reports an analysis of the seasonality of boreal forest spectra from the end of snowmelt until the time of maximal leaf area. We apply a forest reflectance model (FRT) to estimate the seasonal contribution of understory vegetation to forest reflectance from a time series of three Earth Observing 1 (EO-1) Hyperion images acquired in May, June and July. The reflectance simulations are based on detailed seasonal series of leaf area index and understory spectra measurements carried out in ten stands at the Hyytiälä Forestry Field Station in Finland. Our results show that the contribution of understory to boreal forest reflectance is high in the visible domain, but it drops at the red edge and stays relatively low and constant in near infrared (NIR). Throughout the growing season, the contribution of the understory remains approximately the same in the NIR domain, whereas larger changes can be observed in the visible domain.
Introduction
Boreal forests exhibit strong seasonal dynamics in their reflectance spectra during their short, snow-free growing period. In the Eurasian boreal zone, connections between phenological events and seasonal reflectance courses have mainly been established for data from multispectral satellite sensors (Böttcher et al., 2014 , Jönsson, Eklundh, Hellström, Bärring, & Jönsson, 2010 , Rautiainen, Nilson, & Lükk, 2009 , Karlsen et al. 2008 , Kobayashi, Suzuki, & Kobayashi, 2007 , whereas studies based on seasonal time series of hyperspectral satellite images are nearly non-existent (Heiskanen, Rautiainen, Stenberg, Mõttus, & Vesanto, 2013) . As new hyperspectral satellite missions (e.g. Environmental Mapping and Analysis Programme, EnMAP) are currently being developed, an understanding of the seasonality of vegetation spectra at a higher spectral resolution and beyond the most commonly applied vegetation indices is needed.
In boreal coniferous forests, the seasonal changes taking place in canopy structure (i.e. leaf area index, LAI) are small compared to broadleaved stands , and thus, changes in tree leaf and understory spectral compositions , Rautiainen et al., 2011 , Miller et al., 1997 can be expected to be central driving factors of the spectral changes observed in a seasonal series of satellite images over a forest area. The needle turnover rate in northern European forests has significant latitudinal variation in the number of needle cohorts. For example, in Finland, Scots pine needle cohorts range from approximately 2 in the south to over 5 in the north, whereas for Norway spruce, the number of needle cohorts starts from 4 in the south and reaches up to 14 in the northernmost latitudes (Ťupek et al., 2015) . In other words, the natural development of canopy structure is slow, and changes in understory spectral properties can therefore be expected to be a central driving factor of forest reflectance seasonality. Managed forests in northern Europe also tend to be sparse, and the forest floor is highly visible to satellite sensors (Eriksson, Eklundh, Kuusk, & Nilson, 2006) . Therefore, potential differences in both the timing and magnitude of the seasonal reflectance cycles of the understory and overstory canopy layers also pose difficulties in the development of high spatial resolution global phenology products (e.g. Ganguly, Friedl, Tan, Zhang, & Verma, 2010) for northern forests.
Radiative transfer models offer a useful tool for analyzing the role of different components, such as understory vegetation, in forming forest reflectance as the growing season progresses. However, often the applicability of these models has been limited by the lack of seasonal series of field measurements needed as input variables (Nilson, Rautiainen, Pisek, & Peterson, 2012) . In this paper, we report an analysis of the seasonality of boreal forest spectra from the end of snowmelt until the time of maximal leaf area. We apply a forest reflectance model to estimate the seasonal contribution of understory vegetation to forest reflectance from a time series of Earth Observing 1 (EO-1) Hyperion images. Our analysis is based on a detailed seasonal series of canopy leaf area index, understory spectra and forest inventory measurements carried out at the Hyytiälä Forestry Field Station in Finland.
Materials and methods

Study site
Our study site, Hyytiälä, is located in southern boreal Finland (61°5 0′ N, 24°17′ E) and is mainly covered by Norway spruce (Picea abies), Scots pine (Pinus sylvestris) and Silver birch (Betula pendula) forests.
This study is based on data collected in 2010. No snow was observed in the study site after April 26, and based on traditional phenological observations (MetINFO, 2010) , the first birch leaves emerged in mid-May (May 14-17) and reached their maximal size by early June (June 1-6) in the region around our study site. The height growth of Scots pines started in mid-May (May 13-16) and was completed by early July (July 6-9). The temperature sum for 2010 (growing degree days, GDD with a threshold of +5°C) was 1414 degree days (d.d.) .
Ten monospecific stands from the Hyytiälä forest area were selected for our analysis ( Table 1) . The stands represented different age classes and species (Norway spruce, Scots pine, Silver birch) that are typical in the southern boreal forests. A stand inventory (using relascope sampling) was performed to obtain ancillary data on forest structure.
Field measurements
Seasonal courses of two dynamic variables influencing boreal forest reflectance, canopy LAI and understory spectra, were measured during 2010 ( Table 2 ). The field campaign began in early May after snow had melted from the forest. Each stand was remeasured at approximately two-week intervals until October.
LAI for all ten study stands was measured with the LAI-2000 PCA instrument manufactured by LI-COR Inc. The sampling scheme was a cross with 12 measurement points: two perpendicular 6-point transects with 4-meter intervals between the measurement points. Two LAI-2000 units were used simultaneously. A reference sensor (sensor 'A') logged at 15-second intervals and was located above the forest canopy in a flux tower while the below canopy sensor (sensor 'B') was used to measure inside the forest. The forest measurements were made without view restrictors at a height of 0.7 m i.e. only tree canopies were included. All measurement points were marked with wooden sticks so that the exact same locations were used each time the measurements were repeated. To avoid sun flecks, the measurements were carried out during overcast sky conditions or, alternatively, in very early morning or late evening. The direct output of the instrument (effective leaf area index, here abbreviated as LAI eff ) is used in reporting our results.
Four stands, representing the different forest fertility site types in the Hyytiälä area, were chosen for measurements of understory spectra: 1) a xeric heath forest understory type covered by grey lichens and heather shrubs, 2) a sub-xeric heath forest understory type covered by mosses and sparse dwarf shrubs, 3) a mesic heath forest understory type covered by mosses and abundant dwarf shrubs, and 4) a herbrich heath forest understory type covered by abundant herbaceous species and graminoids. The measurements were made in diffuse light conditions without fore-optics (i.e. the field-of-view was 25 degrees) with a FieldSpec Hand-Held UV/VNIR (325-1075 nm) Spectroradiometer manufactured by Analytical Spectral Devices (ASD). Three understory spectra per point were measured at intervals of 0.7 m on a 28-meter transect in each stand (i.e. 40 measurement points per transect were made). The ground area sampled at each point on the transect represented approximately the area of a circle with a radius of 25 cm. The data were processed to correspond to hemispherical-directional reflectance factors (HDRF). A detailed description of the measurements is provided by Rautiainen et al. (2011) .
EO-1 Hyperion images
We used a three EO-1 Hyperion images from the Hyytiälä area in 2010: 5 May, 2 June and 3 July (Table 3 ). The series of images covers well the seasonal changes occurring in the forests: the early May image corresponds to the bud burst period for deciduous species, the early June image to the full leaf-out, and the early July image to time of maximal leaf area.
Hyperion is a narrowband imaging spectrometer, which has 242 spectral bands in the wavelength range from 356 to 2577 nm and a 30-m × 30-m spatial resolution . We used bands in the region from 488 to 1074 nm which corresponded to the spectral range of our field measurements. We began by downloading the Hyperion images as L1B products. First, we removed striping in the Hyperion images using spectral moment matching (Sun et al., 2008) and corrected for missing lines using local destriping (Goodenough et al., 2003) . We also corrected for the spectral smile using interpolation and the pre-launch calibration measurements (Barry, 2001) . Next, atmospheric correction was performed with the Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) algorithm (Matthew et al., 2000) . The aerosol levels were estimated using a ground-based optical weather sensor and atmospheric model by applying water levels obtained from measurements made by a sun photometer (AERONET network) in the image area. The atmospheric water levels were determined automatically by FLAASH using the spectral band centered at 1135 nm. The end product of the atmospheric correction process was hemispherical-directional reflectance factor (HDRF). Finally, we georeferenced the Hyperion images using approximately 20 ground control points (GCP) obtained from a digital topographic map and extracted mean HDRFs for each study stand using a 3 × 3 pixel (i.e. a 90-m × 90-m) window. The root mean square error (RMSE) for the GCPs was less than 0.5 pixels. The size of the pixel window corresponds approximately to the area covered by the field measurements (Section 2.2). More details on the preprocessing of this set of Hyperion images have previously been reported by Vesanto et al. 2012 and Heiskanen et al. 2013 .
Forest reflectance simulations
A seasonal time series of spectra for the study stands was simulated with the FRT forest reflectance and transmittance model (Kuusk & Nilson, 2000) modified by Mõttus et al. (2007) . FRT includes features of geometric-optical and radiative transfer equation based models. The model can simulate, for example, hemispherical-directional reflectance factors (HDRFs) for a forest stand in the wavelength range between 400 nm and 2400 nm. The FRT model is especially applicable in managed (i.e. relatively regular) forests for which commonly measured stand inventory data are available. It has previously shown good performance in boreal forests in both multiangular reflectance simulations (Rautiainen, Lang, et al. 2008 ) as well as in inversion mode (Rautiainen, 2005) . The performance of this FRT version against other radiative transfer models has been documented in the RAMI exercises (Widlowski et al. 2007 ).
Stand structure is described by basic forest inventory variables: stand density, diameter at breast height and tree height. Forest variables that can be allometrically derived from the previous ones, e.g. crown length and radius, are also included. In addition, canopy density and structure are modeled using canopy leaf area index (LAI), needle clumping index and branch area index (BAI).
Stand HDRF (denoted by R) of a stand is calculated as:
where R GR 1 and R CR 1 and are the portions of the HDRF resulting from single scattering of direct radiation from the ground and tree crowns, respectively, and R m + d is all multiply scattered direct radiation, and the reflectance (single and multiple scattering) of diffuse sky radiation. For a more detailed description on how the three components are calculated, the reader is referred to the original model description paper by Kuusk and Nilson (2000) .
Input for the FRT simulations was based on the stand inventory data set and the seasonal leaf area index and understory spectral measurements described in Section 2.2. Leaf, needle and bark spectra, on the other hand, were based on other measurements available as open access data (Mõttus et al. 2014 , Lukeš, Stenberg, Rautiainen, Mõttus, et al. 2013 , Lang et al. 2002 . A few input parameters had not been measured and thus, values from literature were used. These values and their sources are reported in Table 4 . The selected stands were relatively even-aged, and therefore, trees in each stand were modeled as identical.
First, FRT was used to simulate the HDRFs in the wavelength range 488-1074 nm for each stand and for all three dates (May 5, June 2, July 3) corresponding to the viewing and illumination geometry of the Hyperion acquisitions (Table 3 ). The simulated HDRFs were compared to the HDRFs from Hyperion images. We chose for the comparison the HDRF simulated with FRT which corresponded to the mean wavelength of each Hyperion band. Next, we simulated the angular variation in HDRFs for all three dates assuming viewing angles from − 70°to + 70°at 5 degree intervals. The solar angles remained the same as in the Hyperion images. In all simulations, the contribution of understory vegetation to forest reflectance was calculated as R GR 1 /R. Fig. 1 . Seasonal development of effective leaf area index (LAI eff ) in the study stands as a function of temperature sum (growing degree days, GDD, see Table 2 ). Please note that as the LAI eff measurements were made with the LAI-2000 PCA instrument, the first values (made in the absence of foliage in early May) correspond to woody area index in the birch stands. Fig. 2 . The mean spectra of the ten study stands in early May, early June and early July obtained from EO-1 Hyperion images. The error bars show standard deviations.
Results and discussion
Between early May and early July, the forest canopies became more closed and the understory layer greener and more abundant. In the coniferous stands, due to growth of new annual shoots, the increase in LAI eff was approximately 20%, whereas in the broadleaved stands, all leaves developed to their maximal size from buds (Fig. 1) . The fractional cover of the upper understory vegetation increased on average from 0.06 to 0.2, and hence, the mean understory spectra also changed significantly. In early May, the understory spectra resembled a combination of litter (previous years' grasses and tree leaves) and green vegetation (mosses and multiannual dwarf shrubs). By early June, the understory vegetation went through green-up, and red edge features became steeper. A month later, in early July, the spectra of the studied understory types were clearly different, and also the within-site variations in understory spectra were the most notable. (Please see Rautiainen et al. 2011 for a more detailed discussion on the seasonality of the understory spectra for our study site.)
In the Hyperion images, the mean spectra of the study stands in May also clearly showed features of non-green vegetation (i.e. leafless birch trees and dead litter beneath the canopy): HDRFs in the red region were relatively high and in the NIR region relatively low (Fig. 2) . Overall stand reflectance increased significantly during the month of May, and only marginally from early June to July. As previously reported by Heiskanen et al. (2013) for the same study area, the rapid changes in red and NIR (436-926 nm) stand reflectance can be linked to changes in canopy LAI and understory composition, and in SWIR (933-2406 nm) to the drying up of the forest floor after snow melt.
Overall, the FRT model performed slightly better in reflectance simulations during the summer months (June, July) than in the spring (May) (Fig. 3) . For birch and spruce forests the simulations were relatively good from VIS to NIR wavelengths when compared to spectra obtained from the Hyperion images (relative RMSEs b 0.1). For pine stands, however, the difference between the measured and modeled NIR spectra was notably greater in spring (relative RMSE N 0.2). A potential explanation could be larger variation and/or rapid changes in pine needle optical properties in early phases of the growing season when compared to the other study species. The ratio of the abundance of new to old needles in canopies was not taken into account in the simulations due to the lack of in situ data, i.e. mean spectra for needle and leaf albedos were used. The large discrepancy between the measured and modeled reflectances in the blue region, on the other hand, can most likely be attributed to the poor calibration and low signal-tonoise ratio of the Hyperion sensor's blue bands, and/or residual errors of atmospheric correction, where Rayleigh scattering of atmospheric gases was not adequately accounted for.
A spruce and a birch stand were chosen to show in detail how forest reflectance was formed by understory and canopy components (Table 5) . In these stands, FRT simulated spectra very similar to the ones obtained from Hyperion images for all three time periods (Fig. 4) . The spectrum of the spruce stand changed only marginally during the growing period: the green region and NIR experienced small increases in stand reflectance. These changes can be linked to the emergence of new needles, small increase in LAI (b10%), and changes in the mesic understory spectrum. In the birch stand, where canopy LAI eff nearly tripled during the study period, the red HDRFs decreased and NIR HDRFs increased notably. Also the shape of the R 1 GR (Eq. (1)) 
Table 5
Description of two study stands (in Fig. 4 as a function of wavelength changed more in the birch than in the spruce stand. Finally, the mean contribution of understory to forest reflectance was analyzed for all stands. In general, the highest contributions (N40%) were observed in the red range and the lowest (b30%) in the NIR region in close-to-nadir viewing angles (Fig. 5, 6 ). In the beginning of the growing season, there was considerable variation in the contribution in different VIS wavelengths (from 35 to 50%) due to the large contrast between the shape of the understory and tree leaf/needle spectra. As the growing season progressed, this variation flattened out. The contribution of understory to forest reflectance (in nadir) was constantly approximately 45% in the VIS and 25% in the NIR region. However, perhaps contrary to common assumptions, the contribution of understory to forest reflectance actually increased in many VIS wavelength regions between spring and summer. Even though the canopy LAI increased, the main gaps between (coniferous) trees remained the same and the understory spectra became significantly brighter (see Rautiainen et al. 2011 ) during the growing season. The contribution of understory strongly depended on the brightness ('site fertility type') of the understory. (1)), and the simulated understory curve shows the component R GR 1 . For details on stand structure, see Table 3 . Several earlier papers have already reported that the understory has a key role in determining both the multispectral reflectance (e.g. Pisek et al. 2015 , Eriksson et al. 2006 ) and albedo (Lukeš, Stenberg, Rautiainen, 2013) of northern forests. This study extended the analysis to high-to-medium spatial resolution hyperspectral remote sensing data. Our results showed that the contribution of understory to forest reflectance in is high in the visible domain, but drops at the red edge and stays relatively low and constant in NIR. This is especially promising for retrieving canopy structure using new algorithms which apply, for example, the directional area scattering factor (DASF) calculated from the range between 710 and 790 nm (Vanhatalo, Rautiainen, Stenberg, 2014 , Knyazikhin et al. 2012 .
